This work aims to develop methodologies to print pinhole-free, vertically-stacked heterostructures by sequential deposition of conductive graphene and dielectric h-BN nanosheet networks. We achieve this using a combination of inkjet printing and spray-coating to fabricate dielectric capacitors in a stacked graphene/BN/graphene arrangement. Impedance spectroscopy shows such heterostructures to act as series combinations of a capacitor and a resistor, with the expected dimensional dependence of the capacitance. The areal capacitance ranges from 0.24 to 1.1 nF/cm 2 with an average series resistance of ~120 kΩ. The sprayed BN dielectrics are pinhole-free for thicknesses above 1.65 m. This development paves the way toward fabrication of all-printed, vertically integrated, multilayer devices.
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For fifty years, advances in electronics have been associated with the ever-increasing drive to produce smaller, faster silicon-based transistors. However, more recently the drive toward applications in wearable electronics, passive RFIDs and the Internet of Things has created a demand for cheap, flexible, disposable electronic devices and circuitry.
1-3 As a result, the field of printed electronics (PE) has exploded to meet this demand. PE generally involves using deposition processes associated with printing, such as such inkjet printing and spray-coating, to fabricate all aspects of devices. 4, 5 Further development of this area will require using new nano-materials to produce advanced inks with superior properties, but which can deposited using existing printing methods.
Until very recently, printed electronics has been dominated by inks loaded with organics or conjugated polymers in both metallic and semiconducting form which have been used to print active layers or highly conductive traces. 6 A range of devices, including LEDs, thin-film transistors and solar cells, fabricated using printing techniques, have demonstrated impressive performance. [7] [8] [9] However, organic materials have mobilities which are limited to a few cm 2 /Vs. 10 This has led some researchers to propose inks based on inorganic particles which have inherently higher mobility than organics. We, and others, have suggested that the family of 2-dimensional nanomaterials is an attractive candidate for use in PE. 11, 12 Over the last few years, it has been comprehensively shown that liquid dispersions of 2D nanosheets can be produced in large quantities by liquid phase exfoliation. 13, 14 A host of 2D materials including graphene, BN, MoS2 and GaS have been dispersed as mono-to few-layer nanosheets in solvents suitable for printing. [15] [16] [17] Such dispersions (referred to as inks when their properties are tailored for a deposition process) show excellent compatibility with solution-based
deposition. The refinement of a dispersion into an ink requires certain criteria to be met. For 3 inkjetting, rheological parameters must lie within a specified range of the inverse Ohnesorge number, 18 / Za    (,  and  are the ink surface tension, density and viscosity while a is the nozzle diameter (21 m in our case)) which is typically in the range 1Z14, although this is not a stringent condition. 19 In addition a balance of concentration and flake size is necessary to prevent nozzle clogging. 18, 20 Spray-coating, on the other hand, has a much higher parameter tolerance since a larger nozzle size allows larger flakes to be deposited and atomisation at the airbrush tip means viscosity and surface energy of the solvent play a much smaller role. 21 Inks composed of graphene 11, 20, 22, 23 20, 24 Limitations of the printing method become apparent when one considers the nature of the deposited films themselves. A printed film composed purely of 2D materials is a porous nanoflake network (PNN). Such systems are prone to non-uniformities, which may act as pinholes, resulting in undesired contact between layers. 25 This is a critical limitation as it will prevent the construction of heterostacks and therefore many device geometries. The development of a protocol for creating pinhole-free films is thus essential for the advancement of printed electronics. We believe the best way to approach this is to study the printing of capacitors from vertically stacked films of nanosheets. Such a heterostack will function as a capacitor only when the dielectric layer is pinhole free.
Printed capacitors have traditionally employed a polymer as a dielectric layer, 26, 27 careful selection of which has allowed features such as transparency to be incorporated. 28 While capacitors have been created using CVD-grown 2D hBN, 29 this method is currently incompatible with printed 4 electronics. Recently, a nanosheet dielectric was demonstrated with montmorillonite clay acting as a high performance dielectric. 30 In the current study, a process has been developed which incorporates inkjet printing of conductive graphene electrodes and spray-coating of a pinhole-free dielectric boron nitride layer with thicknesses ranging from 1.65 to 5.15 µm. The devices displayed capacitances ranging from 0.24 to 1.1 nF/cm 2 , indicating the creation of pinhole-free films.
In order to fabricate a fully solution-processed 2D material device, we employed wellestablished liquid-phase exfoliation techniques to produce our inks. [14] [15] [16] While inks based on semimetal 18, 20 and semiconducting 12, 24 2D nanosheets have already been demonstrated, no devices have been constructed with insulating/dielectric regions fabricated from BN nanosheet-based inks. To remedy this, we have developed a BN ink based on our graphene ink production protocol. 20 In particular, the size of the graphene flakes was chosen to be <a/50 i.e. <420 nm to avoid nozzle clogging. Briefly, graphene and BN layered powders were exfoliated by tip-sonication in NMP and isopropanol respectively (50 mg/ml) at 120 W for 7 hrs. A two-step liquid cascade centrifugation 31 (graphene; centrifuged at 546g for 90 min, collection of supernatant followed by centrifugation at 1257g for 90 min and redispersion of sediment. BN; same procedure but centrifugation speeds were 120g and 426g) was applied to concentrate and size select the nanosheets resulting in inks of concentration 1.6 mg/ml (graphene) and 0.5 mg/ml (BN). TEM images of representative flakes are shown in Figures 1(a) and 1(b). Statistical analysis showed the nanosheet lateral dimensions to be <L> ~195 nm for graphene and ~450 nm for boron nitride.
Shown in Figure 1 (c) is an extinction spectrum measured for a graphene ink. Using published metrics, 32 we can use the ratio of the extinction at the long-wavelength plateau to that at the peak to deduce the mean nanosheet thickness to be ~8 monolayers.
As the graphene was dispersed in NMP (Z=17, close enough to the prescribed range), no additions to the solvent vehicle were necessary to tune the rheology. 18, 20 The BN ink was produced using isopropanol as the stabilising solvent due to its low boiling point, non-toxicity and reasonable surface energy matching with boron nitride. 13 The change of solvent here also serves a second function; when depositing the second layer of a heterostack with an ink using the same solvent as the first layer, the interface between the films is prone to redispersion on contact with the solvent. This is particularly true for high boiling point solvents such as NMP where films retain residual solvent even after an annealing step. 14 We note that inks for spray coating do not require the detailed tuning of dispersion properties that is necessary for inkjet printing, thus allowing a larger lateral flake size for the BN ink.
Using these differing solvent vehicles, the inks can easily be printed (graphene) and sprayed 
where RSER is the series resistance and C is the capacitance. Under these circumstances, impedance amplitude and phase angle are given by and an RC time constant of 0.74 s in this geometry. We note that this series resistance is significantly greater than the ~2 k which would be expected from the electrodes given the inplane conductivity of liquid exfoliated graphene films of ~10 4 S/m. 35 We attribute this to the significant out-of-plane nature of the current flow in these capacitors. By comparison with measurements on MoS2 nanosheet networks, 36, 37 we would expect the out-of-plane conductivity of graphene networks to be up to ×1000 lower than the in-plane value, contributing greatly to the series resistance.
We can use the impedance data to directly calculate the frequency dependence of the relative permittivity, shows data holding the area constant at A=1 mm 2 , while thickness was varied from t=1.65 µm to 5.15 µm and is consistent with 1/ Ct  . The lower limit at which spray-deposition produced short-free BN films was found to be 1.65 µm. However, we are confident that thinner, yet pinholefree, films should be achievable through further tailoring of dispersion properties and deposition parameters. . From the slope we extract an average dielectric constant, r, of ~1.63, in reasonable agreement with the low frequency data shown in Figure 2 (c). We note that this value refers to the porous network and, assuming a porosity of 50%, implies a BN dielectric constant of 2.25, which is consistent with the value of 3±1 reported for the out-of-plane permittivity of layered BN. 38 We have also calculated the relative permittivity for each capacitor separately which we plot versus A/t in Figure 3(d) . We see relatively low scatter suggesting our fabrication method to be relatively reproducible.
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In conclusion, we have created a graphene/boron nitride capacitive heterostructure using a combination of inkjet printing and spray-coating deposition techniques. The viability of these devices means that pinhole-free BN networks were achieved. These devices show areal capacitance ranging from 0.24 to 1.1 nF/cm 2 with a limiting dielectric thickness of 1.65 m. We believe this work is an important step in the growing field of printed electronics, in particular the realisation of all-printed heterostructures from solution-processed 2D materials.
While these early results are promising, future work will involve refining the printing process to
give thinner dielectric films that remain pinhole-free. Furthermore, the dielectric layer should also be inkjet printed to consolidate the entire deposition process and this should be achievable through further refinement of the boron nitride dispersions.
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